Integrating laterally acquired virulence genes into the backbone regulatory network is important for the pathogenesis of Escherichia coli O157:H7, which has captured many virulence genes through horizontal transfer during evolution. GadE is an essential transcriptional activator of the glutamate decarboxylase (GAD) system, the most efficient acid resistance (AR) mechanism in E. coli. The full contribution of GadE to the AR and virulence of E. coli O157:H7 remains largely unknown. We inactivated gadE in E. coli O157:H7 Sakai and compared global transcription profiles of the mutant with that of the wild type in the exponential and stationary phases of growth. Inactivation of gadE significantly altered the expression of 60 genes independently of the growth phase and of 122 genes in a growth phase-dependent manner. Inactivation of gadE markedly downregulated the expression of gadA, gadB, and gadC and of many acid fitness island genes. Nineteen genes encoded on the locus of enterocyte effacement (LEE), including ler, showed a significant increase in expression upon gadE inactivation. Inactivation of ler in the ⌬gadE strain reversed the effect of gadE deletion on LEE expression, indicating that Ler is necessary for LEE repression by GadE. GadE is also involved in downregulation of LEE expression under conditions of moderately acidic pH. Characterization of AR of the ⌬gadE strain revealed that GadE is indispensable for a functional GAD system and for survival of E. coli O157:H7 in a simulated gastric environment. Altogether, these data indicate that GadE is critical for the AR of E. coli O157:H7 and that it plays an important role in virulence by downregulating expression of LEE.
Escherichia coli O157:H7 is the prevalent variant of enterohemorrhagic E. coli (EHEC) associated with hemorrhagic enteritis and hemolytic uremic syndrome in humans in the United States (26, 51) . E. coli O157:H7 has to survive a number of environmental stresses during transmission from cows to humans. Surviving acid stress is critical during transmission, as the typical human stomach pH ranges from 1.5 to 3.0 (40) . E. coli strains exhibit more acid resistance (AR) than other enteric pathogens, and this AR is considered a virulence factor in E. coli O157:H7, as it contributes to the low infective dose (10, 40) . E. coli has four distinct AR mechanisms, the oxidative (OXI) system, glutamate decarboxylase (GAD) system, arginine decarboxylase (ARG) system, and lysine decarboxylase system (18, 32) , that are phenotypically distinct and provide protection against low pH dependent on the type of acidic environment encountered (42) . In addition to the defined mechanisms, other factors of the general stress response, including the stress response sigma factor RpoS and the DNA binding protein Dps, also contribute to the AR of E. coli (13, 59) .
The GAD system is the most effective system in protecting E. coli cells against low pH compared to other known AR mechanisms (10, 11, 27, 56) . The GAD system has three components: two GAD isozymes, GadA and GadB, and the gamma-aminobutyric acid (GABA)-glutamate antiporter GadC (18, 31) . gadA is a member of the acid fitness island (AFI), which is located at 78 min, whereas gadB and gadC form a separate operon located at 33 min in the E. coli K-12 chromosome (22, 33, 48) . Environmental signals that induce the GAD system include entry into stationary phase and acidic pH (31) .
Regulation of the GAD system is complex, involving multiple regulatory circuits that influence the expression of GAD components through the central activator, GadE (18) . GadE, a LuxR family regulator, is transcribed as two transcripts of sizes 0.68 kb and 1.06 kb, and its secondary structure contains a potential helix-turn-helix DNA-binding domain (21, 31) . However, a recent study demonstrated that GadE is possibly transcribed as three transcripts of sizes 0.9 kb, 1.1 kb, and 1.38 kb (J. W. Foster and A. Sayed, presented at the 108th General Meeting of American Society of Microbiology, Boston, MA, 1 to 5 June 2008). GadE binds to a conserved 20-bp GAD box sequence upstream of gadA and gadBC in E. coli K-12 and activates the transcription of these genes (9, 21, 31) . Although the GAD system and GadE in E. coli K-12 are well characterized, they remain poorly defined in E. coli O157:H7.
A study conducted by our laboratory demonstrated that E. coli O157:H7 strains have a greater average level of survival under complex acidic conditions, such as a simulated gastric environment, compared to those of other serogroups of EHEC (5) . O157:H7 also expresses higher transcript levels of gadA and gadB genes than other EHEC strains in minimal medium containing glucose (5) . Also, we recently showed that gadA and gadB sequences remain divergent in E. coli O157:H7 compared to other E. coli strains (4) . Taken together, these findings suggest that the regulation and function of the GAD system may be distinct in E. coli O157:H7.
Genome sequence comparisons revealed that the O157:H7
Sakai strain has approximately 1,650 O157-specific loci that are not present in E. coli K-12 (20) . Through evolution, the O157 population has acquired many mobile elements such as lambdoid phages carrying virulence and fitness islands (43, 60) . Some of the important virulence factors of E. coli O157:H7, including Shiga toxins and the locus of enterocyte effacement (LEE), are encoded by horizontally transferred phage elements (28) . The LEE, which is encoded on an acquired pathogenicity island, encodes a type 3 secretion system that mediates intimate adherence of bacteria to the intestinal mucosa through formation of attaching and effacing lesions (34) . Integrating these acquired elements into the chromosomal regulatory network is critical for a pathogen to be successful (1) . An example of this is one of the GAD system regulators, GadX, which has been shown to influence the expression of the LEE (47). Hence, it is possible that a chromosomal regulator such as GadE has acquired additional functions, though the effects of the GadE regulator for E. coli O157:H7 on a genome-wide scale are still unknown. Comparisons of GadE amino acid sequences among pathogenic and nonpathogenic E. coli strains revealed no significant divergence. Recently, a study by Tatsuno et al. found that inactivation of gadE increases the expression of many LEE genes in E. coli O157:H7 (52). However, gadE inactivation did not affect the expression of ler, the LEEencoded regulator, and hence the pathway through which this LEE downregulation occurs was not identified. Recently, Ler was found to negatively regulate expression of gadE and it was suggested that there is a reciprocal negative interaction between Ler and the GadE regulators (1). The objectives of this study were to identify the genes regulated by GadE in E. coli O157:H7 and to gain insight into the mechanism underlying the negative regulation of the LEE by GadE. By comparing the whole-genome transcription profiles of E. coli O157:H7 Sakai and the isogenic ⌬gadE strain, we found that gadE positively influences expression of the GAD system genes and other AFI genes, whereas it negatively impacts the expression of the LEE genes, including ler. Expression of gadE was markedly increased in the stationary phase, thereby affecting the expression of numerous genes in a growth phase-dependent manner. In addition, we demonstrate that a functional Ler is necessary for the downregulation of LEE by GadE. Characterization of the AR phenotype of the ⌬gadE strain revealed that GadE is indispensable for a functional GAD system and for survival of E. coli O157:H7 in a simulated gastric environment.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are summarized in Table 1 . All strains were stored at Ϫ70°C in LB broth containing 10% glycerol, inoculated into 10 ml of LB broth, and grown to an optical density at 600 nm (OD 600 ) of ϳ0.1 to recover cells. To minimize the confounding effect of the acidic pH that would develop in the stationary phase of growth in unbuffered medium, the strains were grown in morpholinepropanesulfonic acid (MOPS) minimal medium buffered to pH 7.4. Cells recovered in LB broth were then grown twice to the stationary phase in MOPS-buffered minimal medium before a final transfer at a 1:30 dilution into 100 ml of MOPS medium for RNA isolation and a model stomach assay (6) .
Genetic manipulations. E. coli O157:H7 Sakai ⌬gadE and ⌬ler strains were constructed by the modified one-step gene inactivation method for EHEC developed by Datsenko and Wanner and by Murphy et al. (16, 37) . Briefly, recombinant PCR products containing a kanamycin (Km) resistance marker flanked by 45-to 50-bp sequences homologous to the upstream and downstream regions of target genes were generated from plasmid pKD4 (16) by use of the primers listed in Table 2 . PCR products were electroporated into Red recombinase-producing E. coli O157:H7 (TW15901) as described previously (37) , and the transformants were identified on LB agar plates with 25 g of Km/ml at 37°C. The Km resistance marker was removed from the ⌬gadE strain by introducing plasmid pCP20, which encodes Flp recombinase (16) . Subsequently, the ⌬gadE ⌬ler double mutant was constructed by one-step inactivation of ler in the ⌬gadE strain by use of the method described above.
For complementation of the ⌬gadE strain, DNA fragments of 2,630 bp containing the Sakai gadE coding region and additional flanking regions of gadE were amplified from E. coli O157:H7 Sakai chromosomal DNA by use of TaKaRa LA Taq polymerase (Takara Bio USA, Madison, WI). The resulting PCR products were cloned into pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA) to make the pCR2.1gadE plasmid, which was transformed into the ⌬gadE strain, creating the ⌬gadE/pCR2.1gadE strain.
RNA isolation and cDNA labeling. For RNA isolation, the wild-type Sakai and ⌬gadE strains were grown to the early exponential phase (2.25 h [OD 600 ϳ 0.25]) and stationary phase (5.5 h [OD 600 ϳ 1.5]) in MOPS medium as described above. RNA was isolated from five independent cultures by use of hot acid-phenolchloroform extraction. At each growth phase, 5 ml of culture was mixed with an equal volume of hot acid-phenol-chloroform (Ambion, Austin, TX) (pH 4.5 with isoamyl alcohol; 125:25:1) and incubated at 65°C with periodic shaking for 10 min. The samples were centrifuged at 3,220 ϫ g for 20 min, and the supernatant was subjected to further extractions with phenol-chloroform and chloroformisoamyl alcohol (6) . RNA was precipitated overnight at Ϫ70°C in 2.5 volumes of 100% ethanol and 1/10 volume of 3 M sodium acetate (pH 5.2). RNA purification and DNase treatment of RNA samples were done with an RNeasy kit (Qiagen, Valencia, CA), and RNA quality was assessed on a formaldehydeagarose gel.
Six micrograms of RNA was used for reverse transcription reactions containing 3 g of random primers (Invitrogen), 1ϫ first-strand buffer (Invitrogen), 10 mM dithiothreitol, 400 U of Superscript II (Invitrogen), 0.5 mM (each) dATP, dCTP, and dGTP, 0.3 mM dTTP, and 0.2 mM aminoallyl dUTP (6) . After incubation at 42°C overnight, the cDNAs were purified with Qiagen PCR cleanup columns with phosphate wash buffer ( coupled with either Cy3 or Cy5 dyes (Amersham Biosciences, Piscataway, NJ) as described previously (6) . cDNA hybridizations. Hybridizations were performed according to a loop design, which included between-strain (wild type versus mutant at the same growth phase) and within-strain (same strain at two growth phases) comparisons. Five biological replicates were included for each comparison, resulting in 20 arrays. As described previously (6), the cDNAs were hybridized onto microarray slides printed with 6,088 open reading frames (ORFs), including 110 ORFs from the pO157 plasmid, representing E. coli strains K-12, EDL933, and Sakai. Arrays were scanned with an Axon 4000b scanner (Molecular Devices, Sunnyvale, CA) followed by image analysis using GenePix 6.0 (Molecular Devices) (6) .
Data analysis. The microarray data were analyzed using R (version 2.2.1) and the MAANOVA (version 0.98.8) package. Raw intensity values from replicate probes were averaged and log 2 transformed after normalization by the pin-tip LOWESS method. The normalized intensity values were fitted to a mixed-model analysis of variance (ANOVA) by considering array and biological replicates as random factors and dye, strain, and growth phase as fixed factors (14) . The linear model tested was Y (intensity) ϭ array plus dye plus strain (wild type or mutant) plus growth phase (exponential or stationary) plus strain ϫ growth phase plus sample (biological replicate) plus error. Each main effect had two levels: (i) mutant and wild type for the strain and (ii) exponential and stationary phases for the growth phase. The design included between-and within-strain comparisons using five biological replicates. Significant differences in expression due to strain, growth phase, and strain ϫ growth phase were determined using the Fs test in MAANOVA, which uses a shrinkage estimator for gene-specific variance components that makes no assumption about the variances across genes (15), with 500 random permutations to estimate the P values. ANOVA has been used with mixed linear models to analyze microarray experiments with repeated calculations in which transcript levels of the strains at two different growth phases are measured (3, 24, 29) . The q-value package in R was used for determining the false discovery rate (FDR) (49) .
Overrepresentation of gene sets with a common biological function in the wild-type or mutant strain was determined using preranked gene set enrichment analysis (GSEA) and the GSEA program (version 2.0) (Broad Institute, Massachusetts Institute of Technology) (50) . The gene sets were designated based on The Institute for Genomic Research annotation for the Sakai genome (http: //cmr.jcvi.org/tigr-scripts/CMR/GenomePage.cgi?orgϭntec03). Additionally, two gene sets, the LEE gene set and the AFI and GAD gene set, were included in the analysis (17, 19, 33, 54) . The pattern search tool in coliBASE (http://xbase.bham .ac.uk/colibase/pattern.pl?idϭ1073) was used to identify GAD box (9, 32) sequences (5Ј-TTAGGATTTTGTTATTTAAA-3Ј) in the putative promoter regions of genes differentially regulated between the wild type and ⌬gadE strain. A cutoff of 70% similarity to the query sequence was set to apply higher stringency, because experimental confirmation of GadE binding was not conducted. A sequence logo for the consensus sequence was created at http://weblogo.berkeley .edu/logo.cgi.
Quantitative real-time PCR. RNA isolations were conducted at both the exponential and stationary phases of growth. For assays with the ⌬gadE/ pCR2.1gadE, ⌬gadE⌬ler, and ⌬ler strains, RNA was isolated only at the exponential phase. TaqMan assays (5) were used for quantifying the expression of gadA, gadB, and ler, with mdh used as a reference for normalization. For the remaining genes, SYBR green chemistry was used for measuring expression levels. Primers were designed using the Primer3 server (44) based on the published reference genome sequence of E. coli O157:H7 strain Sakai (see Table S3 in the supplemental material). cDNA synthesis was conducted using an iScript Select cDNA synthesis kit (Bio-Rad, Hercules, CA) and 1 g of total RNA according to the manufacturer's instructions. After reverse transcription, fivefold serial cDNA dilutions were used for quantitative PCR (Q-PCR) assays containing 12.5 l of 2ϫ iQ SYBR green SuperMix (Bio-Rad), 0.63 l of each primer (10 M stock), 9.24 l of water, and 2 l of cDNA, with cycle conditions of 95°C for 2 min followed by 40 cycles of 10 s at 95°C and then 20 s at the specific annealing temperature (6) . The expression levels of the 16S rRNA gene were used for normalization of data, and the relative expression levels were quantified using Pfaffl's method (41) . The results presented are averages of the results from at least three biological replicate experiments Ϯ standard errors of the means (SEM).
Expression studies using EG minimal medium. Wild-type and ⌬gadE cells were grown in EG minimal medium (E minimal medium containing 0.4% glucose) at pH 7.0 and pH 5.0 (30) to the late exponential phase (OD 600 ϳ 0.5). RNA extractions were conducted using a modified hot-phenol extraction protocol (7) that utilized 5% acidic phenol in ethanol. cDNA synthesis and Q-PCR methods are described above.
AR mechanism assays. AR mechanism assays for the GAD, ARG, and OXI systems were conducted as described previously (27, 30) . Briefly, for the GAD system, strains grown in LB broth with 0.4% glucose were challenged at pH 2.0 in a test environment (EG plus glutamate) and in a control environment (EG), whereas for the ARG system, after growth in BHI broth with 0.6% glucose, strains were analyzed in test (EG plus arginine) and control (EG) environments at pH 2.5. For testing of the OXI system, strains were grown in LBMES (pH 5.0) (Luna-Bertani broth buffered with morpholineethanesulfonic acid) and EG (pH 7.0) and challenged at pH 2.5 in EG. Samples were withdrawn at specific time points (30-min or 1-h intervals) and plated onto LB agar plates by use of an Autoplate 4000 spiral plater (Spiral Biotech, Bethesda, MD). Colonies were counted after overnight incubation at 37°C by use of a Q-Count system (Spiral Biotech). Assays were conducted for at least two biological replicate experiments, each with two technical replicate experiments. Levels of CFU per milliliter from technical replicates were averaged and converted to log 10 CFU per milliliter. The data reported represent averages Ϯ SEM for the results of at least three experiments.
Model stomach assay. The model stomach system (MSS) (25) was prepared as described previously (5) . Gerber Turkey Rice Dinner baby food (30 g) was mixed with 120 ml of synthetic gastric fluid (pH 1.75), yielding a final acidity of pH 2.5. Contents of the MSS were left for 30 s, sampled, diluted, and plated onto LB agar plates every 30 min for 1.5 h to enumerate viable cells. CFU per milliliter from duplicate plates were averaged and converted to log 10 CFU per milliliter. The data reported represent the average results Ϯ SEM for three experiments.
Microarray data accession. Microarray data are available at NCBI GEO (accession number GSE13132; http://www.ncbi.nlm.nih.gov/geo).
RESULTS
Identification of genes regulated by GadE. Inactivation of gadE did not cause a significant difference in the growth rate of E. coli O157:H7; the generation time of the wild-type strain was 43.7 min, and that of the ⌬gadE strain was 44.1 min. A two-factor ANOVA with two main effects (strain and growth phase) and the interaction effect (strain ϫ growth phase) was used to determine the impact of gadE inactivation on the transcriptome of E. coli O157:H7 at both the exponential and stationary phases. Genes with FDR Ͻ 0.1 for strain effect and FDR Ͻ 0.05 for interaction effect were considered to be regulated by GadE. Significant strain effects were identified for 60 genes, indicating differential expression between the wild type and ⌬gadE strain (FDR Ͻ 0.1) (see Table S1 in the supplemental material). Of these, 58 genes had higher transcript levels in the ⌬gadE strain, demonstrating that GadE has a negative influence on their transcription, and 2 genes had lower transcript levels in the ⌬gadE strain, indicating that GadE has a positive influence on their transcription. Of the two genes with lower transcript levels in the ⌬gadE strain, ECs3904 had significantly greater transcript levels in the exponential phase than in the stationary phase, and ECs2294 had greater levels in stationary phase. Among the 58 genes with higher transcript levels in the ⌬gadE strain, the transcript levels of 33 were significantly higher in the exponential phase, including those of LEE genes tir, espF, and cesT, and 25 were higher in the stationary phase, including those of genes vgrE, ilvG, and treR (see Table S1 in the supplemental material). A significant interaction effect, which indicates that inactivation of gadE affects expression of genes differently at each growth phase, was identified for 122 genes, including the AFI and GAD genes gadA, gadB, and gadC (FDR Ͻ 0.05) (see Table S2 in the supplemental material). GSEA identified significant enrichment of the AFI and GAD genes (FDR Ͻ 0.05) in the wild type and of the LEE genes (FDR Ͻ 0.05) in the ⌬gadE strain. In summary, the array data demonstrated that inactivation of gadE had an effect on several other genes, including members of the LEE pathogenicity island, in addition to the GAD and AFI genes.
Interaction effects of gadE inactivation and growth phase. Expression of gadE was 84.2-Ϯ 13.4-fold higher in the stationary phase than in the exponential phase for the wild type, as measured by Q-PCR. Since the expression of gadE is dependent on the growth phase, it affected the expression of 122 genes in a growth phase-dependent manner, leading to a significant interaction effect (FDR Ͻ 0.05) (see Table S2 in the supplemental material). Genes with a significant interaction effect included several belonging to the AFI and GAD system, as well as a number involved in energy metabolism and encoding transcriptional regulators. In the exponential phase, GadE exhibited a positive effect on the transcript levels of genes involved in energy metabolism such as cyoDC, sdhCDAB, and sucAB, while in the stationary phase, GadE exhibited a negative effect on transcript levels of these genes (see Table S2 in the supplemental material). Transcript levels of genes such as rpoS, lysR, and pspF that encode sigma factors and transcriptional regulators were slightly elevated in the ⌬gadE strain in the exponential phase but were 1.3-to 2.9-fold higher in the wild type than in the ⌬gadE strain in the stationary phase, indicating that these genes are positively regulated by GadE at the stationary phase (see Table S2 in the supplemental material).
Putative GadE binding site upstream of GadE-regulated genes. To determine whether differentially expressed genes identified by the microarray analysis are regulated directly by GadE, a pattern search of the E. coli O157:H7 Sakai genome was conducted in coliBASE to identify potential GAD boxes upstream of these genes. A conserved GAD box sequence described previously in studies of E. coli K-12 (9, 32) was used for the pattern search. Typically, one GAD box is observed upstream of the GadE-regulated gadA and gadBC genes in E. coli K-12 (9) . Sequences with Ն70% similarity to the query sequence were considered putative binding sites of GadE. Matching sequences were detected upstream of eight genes that were significantly differentially expressed in the ⌬gadE strain. As expected, GAD box sequences preceding gadA and gadB showed 100% similarity to the conserved sequence in E. coli K-12. There were two putative GadE binding regions identified upstream of hdeD. Matching sequences were also identified in the upstream regions of vgrE and of three LEE genes (sepZ, escC, and ler) (Fig. 1) .
Expression of AFI and GAD genes in the ⌬gadE strain. Inactivation of gadE resulted in a decrease in expression of many of the AFI and GAD genes, and the magnitude of decrease was dependent on the growth phase. Six AFI and GAD genes, including gadA, gadBC, and hdeBAD, had a significant interaction effect (Table 3) . These results were verified with Q-PCR. For gadA, gadB, gadC, hdeA, and hdeB, microarray data at the exponential phase revealed higher expression in the mutant whereas Q-PCR detected higher expression in the wild type. This discrepancy could be due to the negligible expression of these genes at the exponential phase in minimal medium at neutral pH (31) . It has been shown that microarrays are less sensitive than Q-PCR in detecting changes in expression when the transcript levels are low (8) . At the stationary phase, Q-PCR supported the microarray results for these five genes, though a greater difference was detected in transcript levels compared to the microarray results (Table 3 ). This underestimation by microarrays of expression level changes has been reported in many of the previous studies (12, 61) . The increase in expression of gadA and gadB in the wild type compared to that seen with the ⌬gadE strain was approximately 10 to 20 times higher at the stationary phase than at the exponential phase. Similarly, the increase in expression of hdeAB in the wild type was 6 to 12 times higher at the stationary phase than at the exponential phase (Table 3 ). In summary, both the microarray and Q-PCR data demonstrated that the difference between the wild type and ⌬gadE strain in expression of AFI and GAD genes was minimal at the exponential phase whereas at the stationary phase there was a marked decrease in expression of gadABC and hdeAB in the mutant. Moreover, in the wild type, the expression of AFI and GAD genes increased markedly from the exponential to the stationary phase, whereas in the ⌬gadE strain, their expression decreased minimally or remained unchanged as the cells entered the stationary phase (see Fig. S1 in the supplemental material). This demonstrates that inactivation of gadE abrogates the growthphase regulation of AFI and GAD genes in E. coli O157:H7.
Six AFI genes, including gadX and gadW, two AraC-like regulators of the GAD system, did not show differential expression between the mutant and the wild type. A significant increase in the expression of yhiU, a multidrug resistancerelated efflux pump gene, was observed in the mutant (see Table S1 in the supplemental material). As is consistent with previous observations (6), all of the AFI and GAD genes had significantly higher expression at the stationary phase than at the exponential phase. GSEA confirmed the enrichment of the gene set representing the AFI and GAD genes in the wild type.
GadE represses expression of LEE. Inactivation of gadE significantly elevated the expression of 19 LEE genes independently of the growth phase; among those 19 genes, 8 showed a Ն1.35-fold increase in expression in the mutant (Table 4) . Changes in expression levels between the mutant and the wild (Table 4 ). Contrary to previous findings (52) , ler, the LEE-encoded regulator, was upregulated 2.2-fold in the mutant as determined by Q-PCR (1.35-fold in the microarray). Other LEE genes such as tir and espD were upregulated 1.8-and 1.6-fold, respectively (the microarray detected 1.4-fold upregulation for both) ( Table 4 ). Most of the LEE genes with significantly different expression between the ⌬gadE strain and the wild type also had higher expression in the exponential phase compared to the stationary phase. Six LEE genes, including sepZ (espZ), had higher expression at the stationary phase, and sepZ showed a 1.4-fold (1.36-fold in the microarray) increase in expression in the mutant. Two non-LEE-encoded effectors, nleG2-2 and nleG2-3, also had a significant increase in expression in the mutant at the stationary phase. In the array data, eae, espA, and espB were not significantly upregulated, whereas Q-PCR identified an increase in expression of 1.3-to 1.6-fold in the mutant, in similarity to the results seen with other significant LEE genes (Table 4) . Significant enrichment of the LEE gene set in the ⌬gadE strain was detected by GSEA. To further confirm the negative influence of GadE on LEE expression, exponential-phase tran- script levels of select LEE genes were measured in the ⌬gadE/ pCR2.1gadE complement strain, which overexpresses gadE. Expression of ler decreased 6-fold in the complement, whereas that of espD and sepZ decreased 9.9-and 9.5-fold, respectively. Altogether, these data demonstrate that GadE is a repressor of LEE genes, including ler, in E. coli O157:H7.
Repression of LEE by GadE is mediated through Ler. Expression data from ⌬gadE strains and gadE-overexpressing strains demonstrated that GadE negatively regulates the expression of ler. Moreover, a pattern search in coliBASE to find GAD box sequences in the LEE island region revealed a putative GAD box upstream of ler (Ϫ199 to Ϫ180 bp) with six mismatches (70% identity). To determine whether repression of LEE genes by GadE is mediated by Ler, we inactivated ler in both the ⌬gadE and wild-type strains and compared the expression results for select LEE genes. If GadE downregulates LEE expression independently of ler, then an increase in expression of LEE genes in the ⌬gadE ⌬ler double mutant similar to that seen with the ⌬gadE strain is expected. In this study, however, expression of tir, sepZ, espA, espB, and espD decreased by 11.6-, 20.1-, 38.2-, 17.9-and 33.4-fold, respectively, in the ⌬gadE ⌬ler strain (Fig. 2) . A similar decrease in LEE expression was observed for the ⌬ler strain. These data demonstrate that the positive effect of gadE inactivation on LEE expression is reversed by ler inactivation, suggesting that ler is essential for the repression of LEE by GadE.
Effect of acidic pH on expression of LEE genes. To determine the influence of acidic pH on expression of the LEE genes, wild-type and ⌬gadE cultures were grown to the exponential phase (OD 600 ϳ 0.5) in EG minimal medium adjusted to pH 7.0 (control) and pH 5.0 (moderately acidic) for comparing gadE and LEE expression levels. Growth in pH 5.0 EG resulted in a 34-fold increase in the wild-type expression of gadE. Expression of three LEE genes, ler, espD, and sepZ, was downregulated in pH 5.0 EG compared to pH 7.0 EG for the wild type (Table 5 ). To determine whether the downregulation of LEE genes in response to moderate acidity was directed exclusively by GadE, the expression of LEE genes in the ⌬gadE strain grown in pH 5.0 EG was assessed. There were 3.9-and 6.5-fold decreases in expression of espD and sepZ, respectively, in the ⌬gadE strain; however, this decrease was lower than that seen with the wild type, where expression of espD and sepZ decreased by 7.5-and 9.4-fold, respectively. Interestingly, the pattern of ler expression at acidic pH was different from that seen with the other two LEE genes tested. In the wild type, there was a 6-fold decrease in ler expression, whereas in the ⌬gadE strain, ler expression increased 4.5-fold at pH 5.0 (Table  5) . Together, these observations indicate that downregulation of ler, the major LEE regulator, is mediated through GadE in response to moderate acid stress, whereas repression of other LEE genes under the same conditions involves additional GadE/Ler-independent factors.
Two regulators that may affect the expression of LEE genes at acidic pH, independently of GadE and Ler, are GadX and EvgA, which have a negative effect on LEE expression in enteropathogenic E. coli (38, 47) . Hence, we measured the expression of these regulators in pH 7.0 EG and pH 5.0 EG in the wild type and the ⌬gadE strain and observed a strong induction of both genes in both strains at pH 5.0. The gadX gene exhibited more than twofold-higher induction in the wild type, whereas evgA induction results for the wild type and the ⌬gadE strain were similar (Table 5) .
Functional GadE is necessary for optimal performance of the three principal AR mechanisms in E. coli O157:H7. To functionally confirm the microarray data, which revealed a marked decrease in the expression of GAD and AFI genes in the ⌬gadE strain, we conducted AR mechanism assays for the GAD, ARG, and OXI systems. The ARG and OXI systems were included in the study because GadE has been shown to influence their function in E. coli K-12 (31) . The ⌬gadE strain could not survive in the test environment for the GAD system (pH 2.0 with glutamate) for even 30 min, indicating a nonfunctional GAD system (Fig. 3A) . The wild type and complement showed log reductions of 0.20 Ϯ 0.08 and 0.17 Ϯ 0.02 CFU/ml, respectively, after 6 h of exposure to the test environment. In the ARG system test environment (pH 2.5 with arginine), survival of the ⌬gadE strain was similar to the results seen with the wild type and the complement for up to 2 h. However, at 4 h there was reduction in viable cell numbers and the mutant showed a high variation in cell numbers up to 5.5 h, and by 6 h, no viable mutants were recovered. The wild type and complement showed log reductions of 1.07 Ϯ 0.08 and 1.22 Ϯ 0.16 CFU/ml, respectively, after 6 h (Fig. 3B) . The OXI system was less effective than the ARG system in protecting all three strains. The mutant survived for only 3 h at pH 2.5, and the log reduction after 4 h was 2.27 Ϯ 0.1 CFU/ml for the wild type (Fig. 3C) . Interestingly, the complement also did not survive after 3 h, indicating that gadE in trans does not reconstitute the phenotype for the OXI system. It is possible that flooding the cell with multiple copies of gadE, as performed in the complement experiments, adversely affected the functioning of the OXI system. These findings demonstrate that inactivation of gadE abolished the functioning of the GAD system and rendered the ARG and OXI systems less effective in protecting the cells against low pH. Survival of the ⌬gadE strain in a simulated gastric environment. Since the three principal AR systems were defective in protecting the ⌬gadE strain from acidic stress in defined minimal test conditions, the ability of the ⌬gadE strain to survive in a complex acidic environment was assessed using the MSS (pH 2.5). The wild-type and complemented cells showed average log reductions of 1.05 Ϯ 0.06 and 0.32 Ϯ 0.04 CFU/ml, respectively, after 1.5 h in the MSS (Fig. 4) . Viable cells could not be recovered from the MSS inoculated with the ⌬gadE strain, which indicates that functional GadE is necessary for survival in the simulated gastric environment.
DISCUSSION
Although the upstream regulatory circuits and downstream effects of GadE in nonpathogenic E. coli strains have been examined (18, 31) , little is known about GadE and its role in AR and virulence among pathogenic E. coli strains. Here, the role of the GadE regulator in the AR and virulence of E. coli O157:H7 was investigated by constructing an isogenic ⌬gadE strain and comparing its expression profiles with that of the wild-type strain. Our findings demonstrate that besides being a positive regulator of GAD and many AFI genes, GadE acts as a negative regulator of the LEE pathogenicity island, an important factor in the virulence of E. coli O157:H7. GadE, along with additional regulators, is involved in the downregulation of LEE expression at moderately acidic pH. In addition, the characterization of AR phenotypes of the ⌬gadE strain revealed that GadE is indispensable for a functional GAD system and plays a vital role in the survival of E. coli O157:H7 in a simulated gastric environment.
In this study, the microarray data demonstrated that inactivation of gadE in E. coli O157:H7 altered expression of 60 genes independently of growth phase and of 122 genes in a growth phase-dependent manner. The genes with altered expression included both AR and virulence genes, indicating that the regulatory function of GadE is not restricted to AR but has a more global effect on the transcriptome of E. coli O157:H7. Overexpression of gadE in nonpathogenic E. coli was shown to affect the expression of ϳ40 genes, including GAD genes (21) . Most of these genes, however, differed from those identified following inactivation of gadE in O157:H7, suggesting that apart from its effect on the GAD system, GadE has additional regulatory functions in E. coli O157:H7.
Expression of gadA, gadB, and gadC was not completely abolished in E. coli O157:H7 ⌬gadE, which was a result similar to that seen with E. coli K-12, where minimal expression of GadAB proteins in the ⌬gadE strain was observed (31) . Expression of GAD system components in the absence of GadE could be induced by the GadX regulator, which has been shown to bind to and activate gadA and gadBC transcription directly under in vitro conditions but not during in vivo growth (46, 55, 57) . Another interesting observation was that at the stationary phase, the magnitude of increase in expression of gadA and gadB in the wild type was different from that seen with the ⌬gadE strain, indicating that the inactivation of gadE affects these duplicated genes in distinct ways. This corroborates the recent finding that the sequences of gadA and gadB are divergent in E. coli O157:H7, in contrast to the results seen with other E. coli strains, where gene conversion events between gadA and gadB have led to genetic homogenization (4). In contrast to the wild-type results, no increase in the expression of GAD genes in the ⌬gadE strain as the cells entered the stationary phase was observed, demonstrating that GadE is required for the growth phase regulation of GAD genes.
This study demonstrates that gadE inactivation has differential effects on the expression of AFI genes in E. coli O157:H7. In nonpathogenic E. coli strains, gadE induces the expression of AFI genes such as hdeB, hdeA, hdeD, gadX, and yhiF in addition to gadA (21, 33, 45) . In this study, expression of gadA and hdeBAD in the ⌬gadE strain showed growth phase-dependent downregulation. However, gadX and yhiF were not differentially expressed in the ⌬gadE strain, indicating that at pH 7.0, loss of gadE does not influence the expression of these two genes in E. coli O157:H7. These differences between O157:H7 and nonpathogenic strains could also be due to the differences in growth conditions, since the strains were grown in rich or minimal media at acidic pH in most of the previous studies.
The relationship between AR and virulence of pathogenic E. coli, particularly the interactions between the GAD system and LEE, remains poorly defined. A few studies in the past have shown that some of the GAD system regulators negatively affect LEE expression (11, 38, 47, 53) . In E. coli O157:H7 Sakai, gadE inactivation was found to increase the expression of LEE-encoded espB, espD, and tir genes but not that of ler (52) . Hence, Mellies et al. considered that GadE-mediated downregulation of LEE was independent of Ler and that the pathway through which GadE affects LEE was undetermined (35) . Moreover, the extent to which GadE inhibits the transcription of LEE genes has not been demonstrated quantitatively before. The data presented here demonstrate that GadE has a global effect on LEE genes: GadE influences the expression of at least 19 LEE-encoded genes belonging to all five LEE operons and of 2 non-LEE-encoded effectors. These data also provide insight about the mechanism underlying GadEmediated LEE downregulation. In contrast to a previous study (52) , there was a significant increase in the expression of ler in the ⌬gadE strain which may have been due to differences in growth medium used. The previous study used Dulbecco's modified Eagle's medium containing glycerol (52) , whereas in this study MOPS minimal medium was used for growing the cells. This discrepancy could also be due to differences in the sensitivity of the assays used (Northern blotting versus Q-PCR and microarray). The negative correlation between expression of gadE and that of ler was marked in the gadE-overexpressing strain, in which ler expression was substantially downregulated. Furthermore, the identification of a putative GAD box sequence upstream of ler with 70% identity to the conserved GAD box sequence provides additional evidence of direct regulation, as GadE has been shown to bind to box sequences with as low as 60% identity to the conserved sequence (32) . Additionally, inactivation of ler in the ⌬gadE strain led to a marked decrease in LEE expression, confirming that ler is essential for the upregulation of LEE in the ⌬gadE strain. Taken together, these findings illustrate that GadE indirectly downregulates LEE expression, most likely through downregulation of Ler. However, additional putative GAD boxes were observed upstream of two other LEE genes, sepZ and escC; therefore, it is possible that GadE directly regulates these LEE genes independently of Ler.
Because GadE negatively influences LEE expression, we hypothesized that environmental conditions that induce gadE may downregulate the expression of LEE. Two conditions that lead to induction of gadE are entry into the stationary phase and acidic pH (18) . Stationary-phase expression of LEE genes has been described previously (6) . Similarly, the influence of several environmental factors, such as temperature, bicarbonate ion concentration, and membrane stress, on the expression of LEE has been investigated (2, 39, 53, 58) . However, the effect of pH on LEE expression and the factors regulating that effect in EHEC remain largely unknown. Our experiments demonstrated that exposure to moderately acidic pH strongly induces gadE and has a substantial negative effect on LEE expression in E. coli O157:H7. This inhibitory effect could be more profound in extreme acidic conditions such as the gastric environment. To determine whether the acidic pH-induced downregulation of LEE is exclusively regulated by GadE, we measured the expression of LEE genes in the ⌬gadE strain following growth at pH 5.0. Except for ler, a partial downregulation at acidic pH was observed in the expression of the LEE genes in the ⌬gadE strain, indicating that GadE is not the only regulator responsible for the pH-induced downregulation of LEE. This partial downregulation of LEE is not mediated through Ler, as expression of ler was increased in the ⌬gadE strain at pH 5.0. To increase our understanding of this phenomenon, we analyzed the expression of other AR regulators that could act on LEE independently of GadE and found that gadX and evgA were also strongly induced at acidic pH in both the wild-type and ⌬gadE strains. GadX has been shown to negatively regulate the expression of LEE genes through Per, the plasmid-encoded regulator, in enteropathogenic E. coli (47) . However, the effect of GadX on expression of LEE in EHEC has not been determined. It is possible that GadX regulates LEE through an unknown regulator in EHEC. The decrease in LEE gene expression in an acidic environment in the ⌬gadE strain is likely also to be mediated by EvgA. Previously, EvgA had been shown to repress LEE, independently of Ler, by activating ydeO and ydeP (38) . Because YdeO is a positive regulator of gadE, the partial decrease in LEE expression in the ⌬gadE strain may occur through YdeP. Collectively, these experiments suggest that GadE, GadX, and EvgA may cooperatively repress the expression of LEE genes at acidic pH and that GadE is the sole regulator responsible for the changes in expression of ler in the acidic conditions used in this study. The AR of the ⌬gadE strain also was characterized by assessing survival at pH 2.0 and 2.5 in the minimal AR mechanism environments and in the complex acidic conditions of the MSS. The ⌬gadE strain failed to survive the acid challenge at pH 2.0 in medium that included glutamate, indicating a lack of a functional GAD system. Inactivation of gadE in E. coli O157:H7 negatively impacted the protective ability of the ARG and OXI AR systems. The survival of the ⌬gadE strain was tested in the MSS, which evaluates the ability of bacterial strains to survive in a gastric environment after ingestion of food (25) . The GadE central regulator, and thus a functional GAD system, is a critical component for survival, as inactivation of gadE abrogated the ability of E. coli O157:H7 to survive in the MSS. Hence, GadE most likely plays a protective role during the passage of O157 through the gastric environment. This assumption is supported by a previous study by Price et al. (42) which demonstrated that gadC is required for the survival of E. coli O157:H7 in calves.
In summary, this study shows that GadE is an important regulator that modulates the expression of AR and virulence genes in E. coli O157:H7 in response to environmental conditions similar to those that are found in various food matrices and the human gastrointestinal tract. GadE has acquired additional functions in E. coli O157:H7 and acts as a link between AR and virulence: it activates the GAD system of AR and at the same time downregulates the expression of LEE genes, which are important for the adhesion of the organism to intestinal mucosa and development of attaching and effacing lesions. Consequently, we propose that, during passage through the human stomach, GadE protects E. coli O157:H7 by inducing the GAD system and aids in energy conservation by inhibiting the unnecessary expression of the LEE genes. As the organism reaches the intestine, environmental changes, including alkaline pH and a high NaHCO 3 concentration, induce Ler, the LEE regulator, which negatively regulates expression of gadE (1), leading to inhibition of the GAD system.
